The 3-D unstructured-grid, Finite-Volume Coastal Ocean Model (FVCOM) was used to simulate the flows in Discovery Passage including the adjoining Lower Campbell River, British Columbia, Canada. Challenges in the studies include the strong tidal currents (e.g., up to 7.8 m/s in Seymour Narrows) and tailrace discharges, small-scale topographic features and steep bottom slopes, and stratification affected by the Campbell River freshwater discharges. Two applications of high resolution 3-D FVCOM modeling were conducted. One is for the Lower Campbell River extending upstream as far as the John Hart Hydroelectric dam. The horizontal resolution varies from 0.27 m to 32 m in the unstructured triangular mesh to resolve the tailrace flow. The bottom elevation decreases ~14 m within the distance of ~1.4 km along the river. This pioneering FVCOM river modeling demonstrated a very good performance in simulating the river flow structures. The second application is to compute ocean currents immediately above the seabed along the present underwater electrical cable crossing routes across Discovery Passage. Higher resolution was used near the bottom with inter-layer spacing ranging from 0.125 to 0.0005 of total water depth. The model behaves very well in simulating the strong tidal currents in the area at high resolution in both the horizontal and vertical. One year maximum near bottom tidal current along the routes was then analyzed using the model results.
Introduction
Discovery Passage (Figure 1) is located between the mainland of British Columbia and Vancouver Island along with many smaller islands. Campbell River is located in the southern part of the channel on the eastern shore of Vancouver Island. The ocean currents in Discovery Passage are very strongly dominated by tidal currents driven by a sea level difference of up to ~3 m at the two ends of Discovery Passage (i.e., Johnstone Strait and the Strait of Georgia). Flood and ebb tides in Discovery Passage are associated with southward and northward flows, respectively. Seymour Narrows is known for strong tidal currents (up to 7.8 m/s or 15 knots based on Canadian Hydrographic Service, CHS [1] , Canadian Tide and Current Tables). However, currents in most places on the CHS Chart for Discovery Passage are not well observed (though limited data with short time periods are available from near surface measurements).
During the last decades, large river discharge events can bring over 850 cubic meters per second of freshwater into the channel (Environment Canada's Hydrometric Database, HYDAT), normally occurring in winter due to seasonal rains.
Two applications of high resolution 3D modeling in this area were conducted and presented in this paper. One is for the Lower Campbell River extending upstream up to the John Hart Hydroelectric dam. In this numerical study, the objectives are to understand the potential impact on fish habitat within the Campbell River by investigating the detailed flow regime. The second application is to compute ocean currents immediately above the seabed along the present and future underwater electrical cable crossing routes between Campbell River and Quadra Island across Discovery Passage. Using the more reliable and long term tidal measurements from CHS instrumented measurements to force a three dimensional ocean circulation model provides the detailed resolution and better understandings of the near-bottom current regime in this area. Surface wind and wave effects were not considered in the circulation model.
FVCOM is a software framework developed by Chen et al. [2] [3] [4] and supported by Marine Ecosystem Dynamics Modeling Laboratory (MEDML) at UMASSD's School of Marine Science and Technology. The model is supported for research and operational use at School of Marine Science and Technology (SMAST) and is widely used at many other institutions around the world. At its core FVCOM is differentiated from other models by the numerical method used to solve the hydrodynamic equations. The finite volume method efficiently computes the flow on an unstructured triangular grid that can be adapted from the existing MIKE21 [5] model mesh. Recently the application of the unstructured FVCOM was conducted within ASL Environmental Sciences Inc. in studying strong tidal currents in Discovery Passage [6] .
This paper includes the model approaches and results in detail. Section 2 presents the model approach for the Lower Campbell River Hydraulic Modeling. Section 3 presents the numerical study of Discovery Passage Near-Bottom Flow, followed by summary and conclusion.
Lower Campbell River Hydraulic Modeling

Model Approach
In this numerical study, the objectives are to understand the potential impact on fish habitat within the Campbell River by investigating the modified flow structure. The left and right channels of First Island, located some 150 m downstream of the existing tailrace (Figure 2 ), have been identified as areas of concern. Model domain and bathymetry are shown in Figure 2 . Model grids and bathymetry were adopted from a previous study by Northwest Hydraulic Consultants (NHC) in 2011. The bottom elevation decreases ~14 m within the distance of ~1.4 km along the river, with even steeper local bottom slope fractions. Challenges also include the strong volume discharges specified at the upstream tailrace and variable bottom roughness. This numerical study has great value for FVCOM river and estuary modeling.
The 3-D hydraulic FVCOM model was applied with high horizontal resolution to incorporate the features of the powerhouse and tailrace design into the river bed. The horizontal resolution varies from 0.27 m to 32 m in the unstructured triangular mesh. The triangular grid for this FVCOM application has 16,625 nodes with 32,845 elements. A sigma-coordinate system was applied in the vertical with 3 levels, with a uniform inter-layer spacing in the vertical. The grid was generated with Gmsh (version 2.5) [7] . The wetting-and-drying option was activated in the model.
The bottom roughness type was set to be "static" (spatial varying) and the bottom roughness length scale values were derived at each time step using the method suggested by Bretschneider et al. [8] . The calculation was carried at each time step based on the Manning's M coefficients (averaged 24.9) and the total water depths in the model. A minimal value of 0.01 was set to prevent unrealistically small roughness lengths.
The FVCOM model employed numerical integration involving a second-order accuracy finite volume flux discrete scheme, where internal and external modes are "splitted" and integrated over distinct time steps. The external time step was set as 0.01 s to preserve stability over the simulation. The ratio of time steps between the internal and external modes was set to 2 in this application. The Smagorinsky eddy parameterization [9] was used for horizontal diffusivity with coefficient C = 0.15. The background vertical diffusion and viscosity were set to 10 −4 m 2 /s with a MY2.5 [10] turbulence closure. The model was driven by the tailrace discharges, Canyon inflow, and Quinsam inflow ( Figure 2 ), with water levels specified at the southeast boundary. The model was run in a barotropic mode for 20 h to achieve a steady state. The model started from no water upstream, with only the specified south boundary water level. Water was then "injected" from upstream boundaries with associated discharges, and gradually filled up the whole river channel. After the spin-up period, the last 8-h results were used for analysis. Water levels and currents were outputted every 5 min during the model integration.
There are two model runs conducted in this numerical study. One is for assessing the model behavior using observed water level profile along the channel. The second run is for comparing the model reproduced flow structures and ADCP measurements at the two channels around First Island. Model boundary conditions for the two model runs are listed in Table 1 . A previous 2-D MIKE21 modeling study was carried out by NHC in 2011 using the same bathymetry, triangle mesh, and bottom roughness coefficients (Manning's M numbers). MIKE21 model results were used to calculate flow splits of the left and right channels around the island at the ADCP transects marked in Figure 4 . Flow split calculations based on FVCOM model results (the 8-h average after the 12-h spin-up) were compared with the MIKE21 model results [11] and the ADCP observations in Table 2 . The 3-D FVCOM model reproduced a the river flow split with only 1% difference than the observed, which is similar to the 2-D MIKE21 results (3%). The mainly improvement we found was for the left fork flow (Table 2) . Overall, the high resolution 3-D FVCOM model demonstrated the capability for simulating the Lower Campbell River hydraulic regime to a reasonable accuracy. 
Model Results
First
/+1.8 (2) −0.6 −1% +2.4 +1%
(1) Based on the total discharge specified at upstream open boundaries; (2) Based on ADCP observations.
Near-Bottom Currents Crossing the Discovery Passage
Model Approach
In this section, FVCOM numerical modeling was conducted for ocean currents above the seabed near the underwater electrical cable crossing routes between Campbell River and Quadra Island across Discovery Passage. The triangular mesh for this FVCOM application has 8899 nodes with 15,896 elements (see Figure 1) . The horizontal grid resolution varies from approximately 10 m for study area and small islands to ~600 m in the middle channel at the open boundaries. In the vertical, a sigma-coordinate system was applied with 15 levels. Higher resolution was used near the bottom with inter-layer spacing ranging from 0.125 to 0.0005 of total water depth. The high vertical resolution near bottom can simulate currents at 0.02, 0.07, 0.17, 0.38, 0.76, and 1.51 m above the seabed given the maximum water depths of 100 m.
The model bathymetry was generated from digitized nautical charts obtained from CHS (Chart No. 3539 and 3540) [1] . Depth values are bottom elevation below chart datum (reduced to Lowest Normal Tide). In the study area near the underwater electrical cable crossing routes between Campbell River and Quadra Island, bathymetry was incorporated with the multibeam high resolution (5 m) bathymetric data set collected by Terra Remote Sensing Inc. in 2013. Based on the same survey results, the bottom roughness parameter was also determined (e.g., length scales are 30 cm for boulders and 2 cm for sand). A minimal value of 0.005 for the bottom drag coefficient was used in the model to maintain the model stability. The wetting-and-drying option was activated and the minimum water depth for a cell to be active was set to 1.0 m in FVCOM although it plays a minor role in overall circulation dynamics [12] . Surface winds have been shown to have little effect on the near bottom circulation over most of Discovery Bay [12] .
The model was driven by tidal forcing at open boundaries and freshwater input from Campbell River. Freshwater discharge at Campbell River has minor effluence on the near bottom flow, which was retrieved from daily discharge reported in the Canadian Hydrological Data (HYDAT) and applied in the model. There are two open boundaries in the model where tidal elevations and constant inflow salinity and temperature were specified. The model was driven with tidal elevations reconstructed from 69 tidal constituents at each open boundary using Foreman's tidal prediction program [13] . Model results were saved at half hour time intervals. Readers are referred to Lin et al. (2012) [6] for more details about the model setup. The improvement in the FVCOM modeling mainly includes (1) refined model grids with higher resolution in both the horizontal and vertical, and (2) spatially variable bottom roughness derived based on the field survey.
Model Verification
First, the model was integrated for August 28 to September 3 in 1968 for verification. As shown in Figure 6 , the model simulated water levels were compared with predicted tidal elevations (PTE) derived from CHS tidal data sets at the 5 sites inside the Discovery Passage as marked in Figure 1 . The model demonstrated its capability of simulating the tidal levels throughout the whole Discovery Passage area. The associated root-mean-square deviation (RMSD) between model derived water levels and the PTE is listed in Table 3 . Among these comparisons, the modeled water levels for Seymour Narrows have the largest error but are still in reasonable agreement with the large observed ranges of 3 m at Campbell River and 4 m in Seymour Narrows. The difference is caused by the challenge of simulating the very strong flow and the associated water head loss. Figure 6 . Model generated water levels (mod, dashed lines) at the 5 long-term tidal elevation sites as marked in Figure 1 , with comparisons to the predicted tidal elevations (PTE, solid lines) derived from CHS tidal data sets. Table 3 . Root-mean-square deviation (RMSD) between model derived water levels and the predicted tidal elevations (PTE). In Figure 7 , for the same verification period, model simulated tidal flow was compared with historical Institute of Ocean Sciences (IOS, Sidney, Canada) ocean current data at Seymour Narrows and ocean current data from the Department of Fisheries and Oceans (DFO, Ottawa, Canada) at DP11. Current meter data locations are also marked in Figure 1 . Site DP11 is close to the study routes, with total water depth of 28 m. The overall agreement of the model and measurements is very reasonable, including the near bottom flow at 22 m of DP11 (6 m above the bottom). The RMSD for eastward and northward components (U and V) between model derived and the PTC, as shown in Table 4 , shows reasonably good agreement given the very large tidal currents with a typical speed of 6 m/s. Figure 7 . Model (mod, gray lines) generated current speeds and directions (clockwise from North) at Seymour Narrows (at 1 m depth) and DP11 (at 10 m and 22 m depths separately) as marked in Figure 1 , with comparisons to Predicted Tidal Currents based on IOS current meter measurements (PTC, red lines). 
One Year Maximum near Bottom Tidal Currents
In the next model runs, the model was used to study the one year maximum tidal currents immediately above the seabed along the crossing routes between Campbell River and Quadra Island across Discovery Passage (Figure 8 Maximum current speeds were extracted from model results within the model integration period. The vertical distribution of model derived maximum near bottom current speeds along the routes is shown in Figure 8 . The near bottom flood flow is generally stronger than the near bottom ebb flow.
The vertical distribution of the one year maximum tidal currents along the crossing routes is shown in Figure 9 . For the flood flow, the maximum velocities are found in the west and the middle channel (top panel of Figure 9 ), with the maximum value about 4.0 m/s. For the ebb flow, the maximum velocities are relatively larger slightly in the east side to the deep channel, with the maximum speed about 3.5 m/s (bottom panel of Figure 9 ).
However, this maximum near surface velocity distribution feature does not exist in the near bottom velocity distribution. The one year maximum near bottom model current speeds along the crossing routes are presented in Figure 10 (up to 3 m above bottom). Unlike the surface maximum flow, the maximum near bottom flow was found on the west side of the channel, for both flood and ebb flow. The maximum ebb flow speeds are relatively smaller than the maximum flood flow speeds. The shallower region around UTM Easting 33.98 km on the west channel and the deep middle channel have the first and second largest speed values as to the one year maximum near bottom velocity fields along the crossing routes. 
Conclusions
The The second application is to compute ocean currents immediately above the seabed along the present and potential underwater electrical cable crossing routes between Campbell River and Quadra Island across Discovery Passage. The horizontal grid resolution varies from approximately 10 m for the study area, incorporating a multibeam high resolution bathymetric data set. In the vertical, a sigma-coordinate system was applied with 15 levels. Higher resolution was used near the bottom with inter-layer spacing ranging from 0.125 to 0.0005 of total water depth. The high vertical resolution at near bottom levels allows simulation of currents at 0.02, 0.07, 0.17, 0.38, 0.76, and 1.51 m above the seabed given the maximum water depths of 100 m. Model results were verified using available tidal gauge and current meter data throughout the Discovery Passage. The model behaves very well so as to simulate the strong tidal currents at very high resolution in the horizontal and vertical. The one year maximum velocity distribution crossing the channel along the routes was examined, which is useful for extreme value analysis as related to engineering design. Differences were found in the distribution of the maximum near surface velocities and the near bottom velocities along the crossing routes.
